The continuously welded rail tracks are very popular and wide because of their advantages. Although the continuously welded rail tracks have special mechanical properties and requirements and they need special construction and maintenance. One of the most important requirements of the continuously welded rail tracks is the big lateral resistance. The lateral resistance can be increased by several solutions, which are highlighted in the following three methods: ballast bonding technology and safety caps and Y steel sleepers. The main goal of this publication is to demonstrate the tests and measurements made in three different track sections, to compare and analyze the results of the measurements and to summarize the conclusions.
Introduction
Since the appearance of the railway, demands for higher speed and ride comfort are continuously increasing. Therefore the railway has to be also developed continuously. In this development the appearance of the continuously welded rail tracks was a very important step. The main advantage of the continuously welded rail tracks is that the fish plated joints disappear with their disadvantages. The maintenance of the fish plated joints is unnecessary, the number of the vertical and horizontal steps reduces and the deflections of the rail ends disappear. Consequently the lifetime of the railway superstructures and railway vehicles increases. They together result decrease of the track maintenance costs, higher travel safety and higher ride comfort. The number and length of the continuously welded rail tracks should be increased because of their advantages. It can be done by construction of new continuously welded rail tracks or reconstruction of existing rail joined tracks. Naturally in these cases, the special mechanical properties and requirements of the continuously welded rail tracks have to be considered at all events.
The most critical parts of the continuously welded rail tracks are the small radius curves because the risk of buckling is the biggest in the small radius curves. The buckling is very dangerous therefore it must be prevented at all events [1] [2] [3] [4] [5] . For this reason the stability of the continuously welded rail tracks is very important [6, 7] . The main element of the stability is the lateral resistance of the track [8, 9] . The lateral resistance of the continuously welded rail tracks can be increased by several solutions, which are highlighted in the following three methods:
• Track stabilization by ballast bonding technology, especially with lateral structural bonding.
• Track building with sleepers fixed by safety caps.
• Track building with Y steel sleepers.
Each of the three different methods can increase the lateral resistance. Previously there were studies and researches separately in connection with ballast bonding technology [10, 11] and in connection with Y steel sleepers [12] [13] [14] , but these methods have not been compared yet. For this reason the main goal of the tests was to compare the efficiency of these methods. Therefore track measurements were made in three different track sections. The first track section is stabilized by ballast bonding, the second track section is fixed with safety caps and the third track section is built with Y steel sleepers. Each of the three track sections are in small radius curves and in continuously welded rail tracks. During the first test the displacements of the elements of the track superstructure were measured under loading of a locomotive. During the second test the geometric conditions of the tracks were examined. The results were compared and analyzed.
Technical presentation of the test track sections 2.1 Technical presentation of the track section stabilized by ballast bonding
The track section stabilized by ballast bonding lies in the Szabadbattyán -Tapolca railway line (number 29), near to Balatonrendes station, between sections 947+93 -954+07. The geometry of the track section is a small radius curve with transition curves. The superstructure of the track section is a continuously welded rail track. The ballast bonding technology was applied between sections 947+65 -952+25. The sizes of the bonding (lateral structural bonding) were 40 cm width and 20 cm depth, on the outside of the curve. The geometric and structural data of the track section are in Table 1 . The track section fixed with safety caps lies in the Szabadbattyán -Tapolca railway line (number 29), near to Balatonfűzfö station, between sections 451+16 -454+01. The geometry of the track section is a small radius curve with transition curves. The superstructure of the track section is a continuously welded rail track. The safety caps were applied between sections 451+35 -460+15. The safety caps were installed to every sleeper. The geometric and structural data of the track section are in Table 2 . The track section built with Y steel sleepers lies in the Szabadbattyán -Tapolca railway line (number 29), near to Badacsony station, between sections 1039+31 -1043+39. The geometry of the track section is a small radius curve with transition curves. The superstructure of the track section is a continuously welded rail track. The Y steel sleepers were applied between sections 1039+36 -1043+34. The type of the Y steel sleepers is 230 -650 -230. In the track section there are 300 normal Y steel sleepers and 2 transition Y steel sleepers. The geometric and structural data of the track section are in Table 3 .
3 Test of the displacements of the elements of the track superstructure under dynamic loading of a locomotive
The implementation of the measurements
During the track measurements the following displacements were measured under loading of a locomotive:
• Absolute vertical displacement of the sleeper.
• Absolute lateral horizontal displacement of the sleeper.
• Relative vertical displacement of the flange on the outside rail. • Relative lateral horizontal displacement of the head on the outside rail. The measurements were made at the following places:
• The track section stabilized by ballast bonding: in the sections 949+76 and 951+55, total on 4 concrete sleepers.
• The track section fixed with safety caps: in the sections 452+20 and 452+70, total on 4 concrete sleepers.
• The track section built with Y steel sleepers: in the sections 1040+70, 1041+33 and 1042+28, total on 6 Y steel sleepers. The absolute displacements of the sleepers and the relative displacements of the outside rail were measured under dynamic loading of one M41 type locomotive. During the measurements the locomotive passed over all measuring gauges with speed 5 km/h, 40 km/h and 60 km/h. There were a minimum of 6 series at each speed. The displacements were measured with inductive displacement sensors. The signals of the inductive displacement sensors were conducted to an amplifier and scan device. The sampling frequency was 300 Hz and 1200 Hz depending on the speed of the locomotive. The high frequency signals were smoothed by digital algorithm. The filtration frequency was 20 Hz.
The results of the measurements
During the measurements of the displacements hundreds of time-displacement functions were received. An example of such a function is shown in Fig. 1 . From the functions were calculated the averages of the maximal displacements. The final results of the measurements are summarized for the track section stabilized by ballast bonding in Table 4 for the track section fixed with safety caps in Table 5 and for the track section built with Y steel sleepers in Table 6 [15, 16] . The final results of the track section stabilized by ballast bonding and of the track section fixed with safety caps are summarized in Table 7 . The comparison of the results in bar graph format is shown for the speed 5 km/h in Fig. 2 for the speed 40 km/h in Fig. 3 and for the speed 60 km/h in Fig. 4 .
On the basis of the measurement results of the track section stabilized by ballast bonding and of the track section fixed with safety caps, the main statements are the follows:
The absolute vertical displacements of the sleepers:
• The subsidence of the sleepers in the ballast bed were 0,6 -1,0 mm in the track section stabilized by ballast bonding and they were 0,7 -1,2 mm in the track section fixed with safety caps.
• The subsidence of the sleepers were bigger on the inside than on the outside in both track sections at all three speeds.
• On the outside the subsidence of the sleepers were similar in the two track sections at all three speeds.
• On the inside the subsidence of the sleepers were smaller in the track section stabilized by ballast bonding than in the track section fixed with safety caps at all three speeds. The absolute lateral horizontal displacements of the sleepers:
• The lateral horizontal displacements of the sleepers in the ballast bed were 0,3 -0,5 mm in the track section stabilized by ballast bonding and they were 0,5 -0,7 mm in the track section fixed with safety caps.
• The lateral horizontal displacements of the sleepers were smaller in the track section stabilized by ballast bonding than in the track section fixed with safety caps at all three speeds. This means that the lateral resistance of the track section stabilized by ballast bonding is bigger than the lateral resistance of the track section fixed with safety caps. The relative vertical displacements of the flange on the outside rail:
• The subsidence of the outside rail compared to the sleeper were 0,5 -0,8 mm in the track section stabilized by ballast bonding and they were 0,6 -0,9 mm in the track section fixed with safety caps.
• The subsidence of the outside rail were similar in the two track sections at all three speeds. The relative lateral horizontal displacements of the head on the outside rail:
• The relative lateral horizontal displacements of the outside rail compared to the sleeper were 0,2 -0,3 mm in the track section stabilized by ballast bonding and they were also 0,2 -0,3 mm in the track section fixed with safety caps.
• The relative lateral horizontal displacements of the outside rail were similar in the two track sections at all three speeds.
Comparison of the results of the track section stabilized by ballast bonding and of the track section built with Y steel sleepers
The final results of the track section stabilized by ballast bonding and of the track section built with Y steel sleepers are summarized in Table 8 . The comparison of the results in bar graph format is shown for the speed 5 km/h in Fig. 5 for the speed 40 km/h in Fig. 6 and for the speed 60 km/h in Fig. 7 .
On the basis of the measurement results of the track section stabilized by ballast bonding and of the track section built with Y steel sleepers, the main statements are the follows:
• The subsidence of the sleepers in the ballast bed were 0,6 -1,0 mm in the track section stabilized by ballast bonding and they were 1,4 -1,9 mm in the track section built with Y steel sleepers.
• On the both sides the subsidence of the sleepers were smaller in the track section stabilized by ballast bonding than in the track section built with Y steel sleepers at all three speeds. The absolute lateral horizontal displacements of the sleepers:
• The lateral horizontal displacements of the sleepers in the ballast bed were 0,3 -0,5 mm in the track section stabilized by ballast bonding and they were 0,1 -0,3 mm in the track section built with Y steel sleepers.
• The lateral horizontal displacements of the sleepers were bigger in the track section stabilized by ballast bonding than in the track section built with Y steel sleepers at all three speeds. This means that the lateral resistance of the track section stabilized by ballast bonding is smaller than the lateral resistance of the track section built with Y steel sleepers. The relative vertical displacements of the flange on the outside rail:
• The subsidence of the outside rail compared to the sleeper were 0,5 -0,8 mm in the track section stabilized by ballast bonding and they were 0,1 -0,7 mm in the track section built with Y steel sleepers.
• The subsidence of the outside rail were bigger in the track section stabilized by ballast bonding than in the track section built with Y steel sleepers at all three speeds. The relative lateral horizontal displacements of the head on the outside rail:
• The relative lateral horizontal displacements of the outside rail compared to the sleeper were 0,2 -0,3 mm in the track section stabilized by ballast bonding and they were 0,3 -0,5 mm in the track section built with Y steel sleepers.
• The relative lateral horizontal displacements of the outside rail were smaller in the track section stabilized by ballast bonding than in the track section built with Y steel sleepers at all three speeds. 
.1 The implementation of the measurements
The track measurements were made by the FMK 004 track measuring car which type was Plasser EM 120. The track measuring car measured and registered the alignments of the two rails, the levels of the two rails, the gauge and calculated the SAD qualification number with the following formula:
where: • S AD is the qualification number, • S I K T 2,5 is the twist measured on 2,5 m base length, • S I K T 6,0 is the twist measured on 6,0 m base length, • I R left is the alignment on the left rail, • I R right is the alignment on the right rail, • S P P left is the level on the left rail, • S P P right is the level on the right rail. The track measurements were made at the following places:
• The track section stabilized by ballast bonding: between sections 948+60 -953+40.
• The track section fixed with safety caps: between sections 451+80 -453+40. The evaluations of the measurement results were made as the follows: • The S AD qualification numbers -based on territorial principle.
• The alignment errors -based on territorial principle.
• The gauge errors -based on principle from base line to top.
• The level errors -based on principle from base line to top.
The results of the measurements and the comparison of the results
The S AD qualification numbers evaluated according to territorial principle are summarized for the track section stabilized by ballast bonding in Table 9 for the track section fixed with safety caps in Table 10 . The comparison of the values converted to 500 m length is shown in Fig. 8 . The conversion to 500 m length was made with the following method: the amounts were divided by the length of the track sections (the length of the track section stabilized by ballast bonding was 480 m and the length of the track section fixed with safety caps was 160 m) and were multiplied by the conversion length (500 m). The alignment errors evaluated according to territorial principle are summarized for the track section stabilized by ballast bonding in Table 11 for the track section fixed with safety caps in Table 12 . The comparison of the values converted to 500 m length is shown in Fig. 9 . The conversion to 500 m length was made with the same method: the amounts were divided by the length of the track sections and were multiplied by the conversion length (500 m). The gauge errors evaluated according to principle from base line to top are summarized for the track section stabilized by ballast bonding in Table 13 for the track section fixed with safety caps in Table 14 . The comparison of the average values is shown in Fig. 10 and the comparison of the maximal values is shown in Fig. 11 .
The level errors evaluated according to principle from base line to top are summarized for the track section stabilized by ballast bonding in Table 15 for the track section fixed with safety caps in Table 16 . The comparison of the average values is shown in Fig. 12 and the comparison of the maximal values is shown in Fig. 13 . Tab. 9. The S AD qualification numbers evaluated according to territorial principle for the track section stabilized by ballast bonding 
Analysis of the results, statements
On the basis of the track measurement results of the track section stabilized by ballast bonding and of the track section fixed with safety caps, the main statements are the follows: The S AD qualification number:
The S AD qualification number: The SAD qualification number was smaller in the track section stabilized by ballast bonding than in the track section fixed with safety caps in Per. Pol. Civil Eng.
Tab. 11. The alignment errors evaluated according to territorial principle for the track section stabilized by ballast bonding all four measurement periods. During the whole test period (between the first and last measurement periods) the change of S AD qualification number was 10,9 in the track section stabilized by ballast bonding ( S AD ballast bonding = 10, 9) and it was 14,9 in the track section fixed with safety caps ( S AD safety caps = 14, 9) . This means that the rate of change of SAD qualification number was smaller in the track section stabilized by ballast bonding than in the track section fixed with safety caps, so during the same time (test period) the degradation process was slower in the track section stabilized by ballast bonding than in the track section fixed with safety caps. It follows that the geometric conditions of the track section stabilized by ballast bonding were better than the geometric conditions of the track section fixed with safety caps. The alignment error: The alignment error was smaller in the track section stabilized by ballast bonding than in the track section fixed with safety caps in all four measurement periods. During the whole test period (between the first and last measurement periods) the change of alignment error was 5,3 in the track section stabilized by ballast bonding ( I R ballast bonding = 5, 3) and it was 10,5 in the track section fixed with safety caps ( I R safety caps = 10, 5) . This means that the rate of change of alignment error was smaller in the track section stabilized by ballast bonding than in the Per. Pol. Civil Eng. track section fixed with safety caps, so during the same time (test period) the degradation process was slower in the track section stabilized by ballast bonding than in the track section fixed with safety caps. It follows that the alignment keeping of the track section stabilized by ballast bonding was better than the alignment keeping of the track section fixed with safety caps. 
Conclusions
On the basis of the tests and measurements in the track section stabilized by ballast bonding, in the track section fixed with safety caps and in the track section built with Y steel sleepers, the main statements are the follows:
The maximal values of the surface errors evaluated according to principle from base line to top • The lateral resistance of the continuously welded rail track with crushed stone ballast bed stabilized by ballast bonding technology (lateral structural bonding) is bigger than the lateral resistance of the continuously welded rail track with crushed stone ballast bed fixed with safety caps (to every sleeper).
• The lateral resistance of the continuously welded rail track with crushed stone ballast bed stabilized by ballast bonding technology (lateral structural bonding) is smaller than the lateral resistance of the continuously welded rail track with crushed stone ballast bed built with Y steel sleepers.
• The geometric conditions of the continuously welded rail track with crushed stone ballast bed stabilized by ballast bonding technology (lateral structural bonding) are better than the geometric conditions of the continuously welded rail track with crushed stone ballast bed fixed with safety caps (to every sleeper).
• The alignment keeping of the continuously welded rail track with crushed stone ballast bed stabilized by ballast bonding technology (lateral structural bonding) is better than the alignment keeping of the continuously welded rail track with crushed stone ballast bed fixed with safety caps (to every sleeper).
